Scattering of rare gas cations from C 60 has been studied in a guided-beam tandem mass spectrometer. Charge transfer ͑CT͒ is observed to be the dominant channel over the collision energy range from 0 to 100 eV, but dissociative CT and endohedral complex formation are significant at high collision energies. The threshold energies for endohedral penetration are found to be proportional to rare gas atom size. Our CT and dissociative CT data allow us to make several conclusions about the nature of energy transfer in rare gas-fullerene collisions. Surprisingly, the conclusion is that the energy transfer distribution must be sharply bimodal, with ϳ85% of collisions resulting in little collision-to-internal energy transfer, and ϳ15% of collisions being essentially 100% inelastic. The results indicate that the dissociative CT and endocomplex formation channels are closely related.
I. INTRODUCTION
Since the discovery by Huffman et al.
1,2 of a simple method to produce large quantities of fullerenes, many aspects of these molecules have examined with a variety of methods. Some of this work has been reviewed in a recent book. 3 Despite the large amount of activity in this field, there are a number of rather fundamental questions that remain. For example, there is considerable controversy about the dissociation energy of C 60 and C 60 ϩ , and the relative importance of radiative ͑IR and ''blackbody''͒ versus evaporative cooling of hot fullerenes. One interesting feature of fullerenes is their ability to trap atoms inside the hollow carbon cage. Perhaps the best studied endohedral complexes are those with metals. [4] [5] [6] [7] [8] [9] These can be prepared in the fullerene synthesis process and are chemically stable enough to allow study by spectroscopic and other methods.
It is also possible to prepare endohedral complexes by insertion of atoms through the cage wall of an intact fullerene molecule. This was first observed for production of He@C 60 ϩ in high energy collisions of C 60 ϩ with helium, by Schwarz and co-workers. 10 This observation was quickly confirmed in other labs and insertion was observed for other rare gases as well. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] We have taken a complementary approach, scattering atomic ions from thermal C 60 neutrals. This has several advantages. The C 60 has a thermal distribution of internal energy, as opposed to a hot, unknown, and time-dependent distribution for C 60 ϩ generated by electron impact or laser desorption ionization. In addition, we can easily prepare projectile ions such as metal atomic ions, small cluster ions, etc., where it would be very difficult to prepare the corresponding neutral species for C 60 ϩ ϩM scattering. We have studied scattering of atomic ions of neon, 22 lithium, sodium, and potassium, 23, 24 boron, 25 carbon, 26 nitrogen, 27 oxygen, 28 fluorine, 25 a variety of transition metals 25, 29 as well as Mn 2 ϩ , CO ϩ , and C 2 ϩ . 25 We are able to extract energetics for endohedral penetration, substitution reactions, and fragmentation reactions.
Another approach for insertion of noble gas atoms into fullerenes was discovered by Saunders, Cross, and co-workers. [30] [31] [32] They heated fullerenes in a high pressure of the rare gas of interest, and rare gas atoms are incorporated into a small fraction ͑up to ϳ0.1%͒ of the fullerenes. These rare gas endohedral complexes are chemically stable and can be studied by a variety of methods. 33 Recently, in an effort to reach higher incorporation levels, Campbell and co-workers turned to ion implantation of alkali ions into C 60 films. They report making M@C 60 for Li, Na, K, and Rb, with incorporation levels ranging up to 50%. 34 Li@C 60 has been extracted from the films with CS 2 and purified by HPLC, 35 and infrared and Raman spectroscopy has been used to characterize the Li@C 60 -containing films. 36 The ion implantation approach has also been used by Shimshi et al. 37 for preparation of rare gas endohedrals, but in this case the incorporation level is much lower. An interesting result from Campbell et al. 34 is that the collision energy dependence of the incorporation yields for M ϩ ϩC 60 ͑s͒ is identical to the energy dependence we measured 23, 24 for gas-phase M ϩ ϩC 60 collisions. This indicates that the penetration mechanism is quite similar for C 60 vapor and films, and suggests that our gas-phase results may be predictive of what will happen in analogous solid state implantation experiments.
This paper reports our results for scattering of Ar ϩ , Kr ϩ , and Xe ϩ with C 60 over the collision energy range from 0 to 120 eV. We discuss the energetics for endohedral complex formation, and the mechanisms for charge transfer, energy transfer, and endo-penetration.
II. EXPERIMENT
The triple sector guided-ion-beam mass spectrometer used for these experiments has been described in detail elsewhere, 38 and only a brief description is given here. The rare gas ions in this work Rg 41 have measured metastable ion fractions for Rg ϩ as a function of electron energy, and for our conditions their results suggest an upper limit of 2%-3% nascent metastables. In addition, our source pressure (10 Ϫ4 Torr) should result in about one collision on average, and thus some metastables will be quenched by exoergic Rg ϩ *ϩRg→2-Rg ϩ reactions. We conclude that only about 1%-3% of our ions are in metastable states, and that this has negligible effect on our analysis or conclusions.
The ions were extracted by an octapole ion guide and then passed through a 90°magnetic mass filter to remove background and multiply charged ions. For these experiments the 20 Ne, 40 Ar, 84 Kr, and
132
Xe isotopes were selected. Reactant beam current after the mass filter is about 1 nA. The ion beam is then injected into the three-section octapole ion guide, the center section of which is surrounded by the reaction cell containing fullerene vapor. The collision energy is set by varying the dc potential of the second section of the ion guide, relative to the potential in the source volume. Ion energy is calibrated by retarding potential analysis at the entrance to the second octapole section. The final octapole section is maintained at 0.5-1 V lower potential so that slow product ions are accelerated as they leave the collision cell. All product ions, together with unreacted projectile ions are collected by the octapole ion guide, accelerated to 3.4 keV and then mass analyzed with a double focusing electric/ magnetic sector mass spectrometer, followed by detection with an on-axis, secondary electron-scintillation detector. 42 To allow the source and scattering cell to operate near ground potential, both mass spectrometers are independently floated to their acceleration potentials.
C 60 vapor is generated by heating solid C 60 ͑99.9%, Hoechst͒ to a temperature of ϳ600 K. The evolution rate of the C 60 is conductance limited by a capillary to avoid condensation on the ion guide electrodes, and we estimate the cell pressure to be ϳ10 Ϫ7 Torr from the C 60 mass-loss rate. This density is low enough to ensure single collision conditions for the Rg ϩ -C 60 interactions. There is some possibility for secondary collisions of product ions with C 60 , particularly for product ions that are very slow in the LAB frame. Two circumstances eliminate any problems that these secondary collisions might cause. Trapping measurements 22 indicate that the only really slow product ion is C 60 ϩ , and the most likely secondary reaction, charge transfer, does not affect the measured C 60 ϩ intensity. ͑We looked for fusion products around C 120 ϩ , but none are observed, probably because of the low energy of these secondary collisions.͒ Reactions or charge transfer of the other observed product ions ͑C 60Ϫ2n ϩ and Rg-C 60Ϫ2n ϩ ͒ would distort the product distribution. Fortunately, these products form only in hard collisions at high energies, and the products are strongly forward scattered, and thus have little chance for secondary collisions. Furthermore, C 60 has a higher ionization energy than the C 60Ϫ2n ϩ product ions, 43 and probably the Rg@C 60Ϫ2n ϩ ions as well. The charge transfer reactions most likely to perturb the product distribution are, thus, endoergic and inefficient in low energy secondary collisions.
Measurements were also made on purified soot, and in this case the vapor consists of ϳ85% C 60 with ϳ15% higher fullerenes, mostly C 70 . For argon we present data taken with soot because the signal/noise level is better than the several sets we have for pure C 60 target gas. The appearance energies, branching ratios, and other features of the data are in good agreement for the soot and C 60 data sets. The C 70 contaminant does not give rise to any interfering products except at collision energies above 50-60 eV, where the nascent C 70 ϩ * or Ar@C 70 ϩ * products begin to have enough energy to fragment down into the Ͻ60 carbon atom size range. As discussed in our earlier papers on neon 22, 44 and alkali 23, 24 scattering from soot, it is generally easy to sort out this high energy contribution. For these ion-fullerene scattering experiments we do not report absolute cross sections. This is due to uncertainties in relative detection efficiency for the heavy products and light projectile ions, and in the C 60 target density in the scattering cell. Relative cross sections are believed to be accurate to Ϯ10% or the amplitude of scatter in the data points, whichever is larger. The exception is C 60 ϩ , especially at low collision energies. Charge transfer is likely to produce C 60 ϩ that is very slow in the LAB frame, and even with the ion guides it is difficult to be certain of collecting all the slow product ions. All other product ions are guaranteed by collision kinematics to have significant LAB momentum towards the detector, and are thus easily collected with unit efficiency. We estimate that the relative C 60 ϩ cross section could be low by up to 50% over the energy range of interest here ͑20-100 eV͒.
For the endohedral complex channels we have fit the near-threshold collision energy dependence of the cross sections to extract true threshold energies for endopenetration. This procedure accounts for broadening in the energy dependence of the experimental cross sections from the distributions of primary beam and target gas translational energy, 45, 46 and from the C 60 thermal internal energy. The procedure used has been described in detail previously. 47, 48 A model is assumed for the collision energy dependence of the ''true'' cross section, then this is convoluted with the experimental broadening functions using a Monte Carlo simulation of the experiment. The true cross section is adjusted until the convoluted result is in agreement with the experiment. For our true cross section function, we have adopted the commonly used ''modified line of centers'' ͑LOC͒ form:
where A is a normalization factor, E 0 is the dissociation threshold, and n is a parameter which varies the curvature of the function. E avail is the total energy available to the reaction, including the collision energy, and vibrational and rotational energy of the C 60 target. We believe that it is reasonable to include the vibrational energy ͑͗E vib ͘Ϸ2.5 eV at 600 K͒ because comparison of our work on Ne ϩ and Na ϩ penetration with analogous studies by Campbell et al. 21, 34 suggests that fullerene vibrational excitation is effective in lowering the energy required for penetration.
We have not attempted to fit threshold behavior for the various fragmentation channels observed (C 60Ϫ2n ϩ ). For fragmentation, the product signal is not observed until the available energy exceeds the thermodynamic threshold enough to give a fragmentation rate comparable to the experimental observation time ͑100-800 s͒. For fullerenes, this kinetic shift in the appearance energy is large compared to the threshold energies of interest, and any thermochemical numbers extracted are highly dependent on the unimolecular kinetics model used to describe the kinetic shift. as the other rare gases. Below, we will discuss each class of products separately. Note that the data for Ne ϩ were taken with a mixture of ϳ85% C 60 and ϳ15% higher fullerenes ͑primarily C 70 ͒ as target gas. This essentially has no effect on the appearance energies since any given C n ϩ or Ne@C n ϩ (n р60) product requires far more energy to form from C 70 than from C 60 . For Ar ϩ we have data sets for pure C 60 target gas and for the 85:15 fullerene mixture, and the results are essentially identical except at very high energies where fragmentation down from nascent C 70 ϩ or Ar@C 70 ϩ begins to contribute to the product signal.
III. RESULTS AND DISCUSSION

A. C 60
؉ production
The dominant channel at all energies is nondissociative charge transfer ͑CT͒:
This is the only reaction observed at energies below ϳ30 eV, and continues to account for Ͼ80% of the total cross section even at high energies. The charge transfer reactions are all substantially exoergic due to the low ionization energy of C 60 ͑7.61 eV 43 ͒, compared to those of the rare gases 49 ͑Table I͒. For neon and probably argon, the exoergicity exceeds the bond energy 50 of C 60 ϩ but no dissociative charge transfer ͑DCT͒ is observed at collision energies below 25-35 eV, and nondissociative CT continues to dominate over our entire collision energy range. The high appearance energies for fragments are a consequence of the large number of degrees of freedom in these systems-the fullerene ion must be excited well above its dissociation energy before the fragmentation rate becomes fast enough to observe on our 100-800 s time scale, 24 ͑see below for additional discussion of energy transfer and the CT mechanism͒.
In Ne ϩ ϩC 60 , a small signal ͑ϳ1% of the CT signal͒ was observed for doubly charged fullerene products C 60Ϫ2n 2ϩ . These probably result from CT that leaves C 60 ϩ with enough internal energy to shake off an additional electron. For the heavier rare gases, the ionization energies are substantially lower, reducing the excess energy available in the CT process. We expected that the multiply charged fullerene signal would therefore be small for the systems studied here, and did not attempt to measure it.
B. Endocomplex formation and decay
A minor but interesting channel is formation of rare gas-fullerene complexes, with up to 18 carbon atoms lost from the original C 60 : 
͑2͒
We believe that these complexes must have endohedral structures ͑i.e., Rg inside the fullerene cage͒ based on the following considerations. In the complex, the charge is almost certainly transferred to the fullerene, releasing a large amount of energy. The attractive potential between the resulting fullerene ion and a Rg atom is very weak ͑ion-induced dipole attraction of ϳ60 meV for argon at the Ar-C 60 ϩ contact distance͒ thus any exohedral complexes that form will not survive to be detected. In addition, the large appearance energy for Rg-fullerene complexes, along with their propensity to retain the rare gas atom while undergoing loss of up to 18 carbon atoms, is inconsistent with an exohedral structure. An important consideration is the charge state of the ͓Rg-C 60 ϩ ͔ system at the point when the penetration occurs. As discussed below, there are long-range curve crossings in the entrance channel of the Rg ϩ ϩC 60 collision, and we believe that the charge is most likely transferred as the reactants approach. This implies that the penetration is really of a neutral Rg atom through an excited C 60 ϩ cage. This proposal is supported by our studies of alkali ion scattering 23, 24 from C 60 and C 70 . The alkali cations are found to have penetration appearance energies a few eV lower than those of the isoelectronic rare gas neutral atoms. This is consistent with the early CT argument. The alkali cations are slightly smaller and heavier than the analogous Rg neutrals, and both factors make penetration easier ͑see below͒.
We have written the endocomplex mechanism as a sequence where the Rg atom first inserts itself in C 60 , then the hot Rg@C 60 ϩ unimolecularly decomposes by a sequence of C 2 -elimination steps ͑C 2 evaporative cooling͒. Because statistical decay should result in each C 2 carrying away only a small fraction of the available energy, this evaporation mechanism should preserve a relatively narrow distribution of internal energy in the Rg@C 60Ϫ2n ϩ product at each step. Of course, it is likely, especially at higher energies, that some collisions may result in direct ejection of carbon fragments during the penetration process.
For Ne ϩ , a significant cross section for Ne@C 58 ϩ was observed 22, 44 and close inspection showed a small signal ͑Ͻ10 Ϫ5 of total ͒ for Ne@C 60 ϩ as well. The appearance energies ͑AE͒ for Ne@C 60 ϩ , Ne@C 58 ϩ , and Ne@C 56 ϩ were found to be identical (ϳ27 eV), which we interpret as indicating that this is the AE for penetration. The near absence of Ne@C 60 ϩ simply reflects the fact that the total energy in the nascent complex at E collision ϭϳ27 eV is about 45 eV (E collision ϩE thermal ϩ⌬CT), and at this energy the dissociation rate 50 is fast compared to our detection time. Almost none of the nascent Ne@C 60 ϩ survives, and most fragments down to Ne@C 56 ϩ before detection, with only a small fraction remaining as Ne@C 58 ϩ . Once past this threshold energy range, the endohedrals follow the pattern expected for the C 2 -evaporative cooling scheme ͑2͒. As the collision energy, and thus complex internal energy, increases, more and more C 2 loss occurs. This leads to a regular sequence of appearance energies and peaks for successive Ne@C 60Ϫ2n ϩ sequence members. A range of complex sizes can coexist at any given collision energy because there is a spread in internal energy due to the thermal distribution in the C 60 (͗E thermal ͘ ϭ2.5 eV), the collision energy spread, and because each C 2 elimination can carry away a variable amount of energy.
Our alkali results 24 support this mechanism as well. While the penetration appearance energy is very similar for Ne@C 60 ϩ and Na@C 60 ϩ , the crucial difference is that CT does not occur for the alkalis, thus the total energy in the Na@C 60 ϩ complex is about 14 eV lower than in Ne@C 60 ϩ at equal collision energy. This decreases the unimolecular C 2 -elimination rate by about four orders of magnitude, and thus Na@C 60 ϩ is stable on our time scale. As collision energy is raised, a clear succession of Na@C 60Ϫ2n ϩ products are ob- to survive for the heavier rare gases. While energetics alone can account for this absence, it is also possible that by the time the collision energy is high enough to drive penetration of the heavier rare gases, no Rg@C 60 ϩ is produced at all due to carbon fragment ejection in the penetration process. Our data suggest that direct carbon fragment ejection is significant at high energies ͑see below͒, but near threshold at least some Rg@C 60 ϩ should be produced. For argon, the above-threshold collision energy dependence is somewhat different from that of neon. As noted, the first member of the endohedral series observed is Ar@C 56 ϩ with an appearance energy of 40 eV. ͑Note: we have a larger than normal background signal at the Ar@C 56 ϩ mass from the low mass tail of the C 60 ϩ peak, which is ϳ10 4 times larger.͒ As expected, increasing the collision energy results in appearance of Ar@C 60Ϫ2n ϩ ranging down to Ar@C 48 ϩ . The somewhat surprising feature is that for E collision Ͼ60 eV the whole range of endocomplex sizes coexists with similar intensity and energy dependence. The implication is that there must be a broader distribution of endocomplex internal energies, such that at any given collision energy, a wide range of complex sizes has lifetimes within the experimental time window. This is inconsistent with the statistical C 2 -evaporation mechanism discussed above, since that is expected to preserve a relatively narrow energy distribution.
For Kr ϩ and Xe ϩ the collision energy dependence is similar to that for Ne ϩ . A succession of smaller Rg@C 60Ϫ2n ϩ complexes is seen in the energy range up to ϳ30 eV above threshold. The appearance and peak energies for the Rg@C 60Ϫ2n ϩ are well separated and each succeeding member of the series dominates in a narrow collision energy range. The main difference is that the series terminates at larger sizes for the heavier rare gases, and the total endocomplex intensity is lower at high collision energies.
The most likely explanation for the apparently broader internal energy distributions in Ar@C 60Ϫ2n ϩ is that the endocomplexes are produced by several competing mechanisms, particularly at high energies. One is undoubtedly the C 2 -evaporation mechanism, as in Ne@C 60 ϩ and Na@C 60 ϩ . In addition, however, we propose that some endoformation collisions directly eject carbon atoms or fragments in the initial collision, or in a time short enough that the energy is not distributed statistically. In either case, these fragments may carry away a wide range of kinetic energies, leaving behind a broad distribution of endocomplex internal energies. The implication seems to be that argon is particularly efficient at direct C x ejection in the Ͻ70 eV collision energy range, possibly due to two offsetting factors. At any given collision energy, the amount of momentum that can be impulsively transmitted to a fragment increases as m projectile 1/2 . This should tend to increase the amount of fragment ejection. On the other hand, the collision time is longer for the heavier projectiles, both because they are slower, and because they are larger and more polarizable. This will tend to allow time for the collision energy to be dissipated from the impacted region, thus reducing the probability of ejecting a fragment.
To extract penetration threshold energies, corrected for experimental broadening, we have fit the total endocomplex formation cross section ͑Fig. 4͒ for each rare gas, using the procedure described above. We fit the total cross section, rather than that for the first observed member in the Rg@C 60Ϫ2n ϩ series because decomposition sets in at energies where the total penetration probability is still increasing with energy. The resulting penetration threshold energies are summarized in Table I . The uncertainty is estimated to be Ϯ2 eV, due to our broad primary beam energy spread ͑Lorentzian width ϳ1.5 eV͒ and the rather slow rise of the endocomplex signal out of the baseline noise.
The results indicate that the penetration threshold is essentially proportional to atomic size ͑Table I͒. We provide two estimates of Rg atom ''size.'' Pirani and co-workers 51 have estimated rare gas-C 60 potentials using correlation formulas developed in the Perugia group. [52] [53] [54] To estimate the radius where the potential first becomes repulsive ͑arbitrarily taken as the radius where V repulsive ϭ1 eV͒ we have taken their extrapolation 51 of a Morse function fit to the well parameters. This may be somewhat softer than the true repulsive potential at short range. We then subtracted out the radius of C 60 to give an estimate of the rare gas size in repulsive interaction with the carbon atoms in the cage. An alternative estimate of the size of the rare gas atoms was made from Rg-Rg repulsive potentials given in the review article by Aziz. 55 We simply took half the Rg-Rg distance when V rep ϭ10 5 K, i.e., kTϭ8.6 eV ͑10 5 K was chosen for ease in taking numbers from the plots͒.
With either estimate of Rg size, the penetration threshold energies for neon, argon, and krypton are quite linear with size, while penetration for xenon takes about 5%-7% less energy than would be predicted by extrapolation from the lighter rare gases. Two effects are probably important in determining the penetration energy. One is simply that smaller atoms presumably require less disruption of the fullerene cage to penetrate. Offsetting this is the fact that the kinematics are more favorable for penetration of the heavier rare gases. For neon, only a limited subset of collisions will both open a hole in the cage and leave the neon atom with substantial forward momentum so that it will tend to scatter into the hole. For the heavier atoms, a much wider range of collisions can leave the atom with the requisite forward momentum.
The high energy behavior of the endohedral cross section provides some additional information about the penetration mechanism. As Fig. 4 shows, the total cross section for production of endocomplexes peaks at 55-65 eV for all four rare gases, then decreases at high energies. For neon, at a collision energy of 100 eV, the endocomplex cross section is only about half of the peak value. For argon the decrease is larger, to about one-third the peak value, while the krypton cross section decreases to about one-fifth its peak value by E collision ϭ100 eV. The trend continues such that for xenon, the endocomplex cross section is down an order of magnitude already by E collision ϭ80 eV. Consideration of the individual cross sections ͑Figs. 1-3͒ provides evidence regarding the mechanism for the falloff. For neon, endohedrals down to Ne@C 44 ϩ are observed at high collision energies, with Ne@C 50 ϩ accounting for about half the total endocomplex signal at E collision Ͼ80 eV. As the size/mass of the projectile rare gas increases, the Rg@C 60Ϫ2n ϩ sequence terminates at smaller values of n. For argon and krypton Rg@C 50 ϩ is the last endocomplex with substantial intensity, and its signal drops off with collision energy much faster than for Ne@C 50 ϩ . For xenon, Xe@C 52 ϩ is the last member of the sequence with substantial intensity, and little Xe@C 50 ϩ is produced in the energy range where the Xe@C 52 ϩ decays. There are two mechanisms that may explain both the dropoff in total endo signal with energy and the progressive disappearance of Rg@C 50 ϩ and smaller endocomplexes for the heavier projectiles. It is possible that high energy collisions with heavy projectiles damage the fullerene cage so badly that it is unable to ''heal'' quickly enough to trap the rare gas atom inside. Alternatively, it may be that the larger rare gas endohedral atoms destabilize the fullerene cage, so that the C 2 -evaporation sequence is interrupted by cage disruption and/or Rg atom loss. To be detected in our experiment, the nascent endocomplexes must evaporatively cool so that their lifetimes are in the 10 Ϫ4 s range, and for high energy collisions, this requires five to eight C 2 -elimination steps.
Another interesting point shown in Fig. 4 is the relative efficiency with which endocomplexes form for the different rare gases. Overall, neon is the least efficient, probably because the light neon atom tends to backscatter. Argon and krypton both are relatively efficient, presumably due to a combination of size and kinematics. Xenon is relatively inefficient, but this probably reflects the inability to form stable endohedrals at high collision energies, rather than intrinsically poor penetration properties.
C. Dissociative charge transfer
For each of the rare gases a series of dissociative charge transfer ͑DCT͒ channels is observed: Cross sections for successive fragments appear, peak, then decline as collision energy is increased. The peak cross sec-tions are roughly constant for C 58 ϩ through C 50 ϩ , then decline slowly to C 44 ϩ . A barely discernable signal is found for C 42 ϩ ͑not plotted͒, but no smaller fullerene fragment ions are found for any of the rare gases. Since we have occasionally run the experiment up to collision energies approaching 200 eV, it is clear that the termination of the C 60Ϫ2n ϩ fragment series is not for lack of energy. The C 42 ϩ limit may be intrinsic, i.e., a limit where the fullerene structure becomes unstable with respect to fission to smaller fragments that are not monitored in our experiment. Alternatively, it might be that in the very high energy collisions required to drive this much carbon loss, the fullerene is simply disrupted in the initial collision. The fact that C 50 ϩ persistently has a larger cross section over a wider energy range than the other fragments suggests that this is a particularly stable fullerene.
We have written the equation for the DCT series to indicate what appears to be the dominant mechanismevaporative cooling of the hot nascent C 60 ϩ by loss of C 2 . Of course, in our collisional excitation process it is also possible that fragments other than C 2 are ejected. In impulsive high energy collisions, for example, we might expect that carbon atoms or fragments other than C 2 may be ''knocked out'' by the initial impulsive collision. Our failure to observe products of these knock-out collisions ͑e.g., odd-size C n ϩ ͒ simply reflects our rather long detection time scale (ϳ300-700 s). Whatever nascent fragment ions might be produced have ample time to undergo further fragmentation yielding the stable C 60Ϫ2n ϩ fragments. Figure 4 compares the total cross section for DCT ͑i.e., sum of cross sections for C 58 ϩ ,C 56 ϩ ,...͒ for the four rare gas projectile ions. As expected, the appearance energy for DCT increases monotonically from ϳ23 eV for Ne ϩ to ϳ41 eV for Xe ϩ . This is expected, since the exoergicity of the CT process is much higher for Ne ϩ than for the heavier rare gases. We expect that virtually all the CT exoergicity ͑⌬CT, Table I͒ will appear as internal energy of the nascent C 60 ϩ , and that on our time scale the energy is randomized among all degrees of freedom. The exoergicity is, thus, available to drive fragmentation of the CT products.
At high collision energies the ordering of DCT efficiency is reversed, with xenon having ϳ1.75 times greater peak cross section than neon. In this high energy regime, collision-to-internal energy transfer presumably contributes much of the energy available to drive dissociation. Evidently, the heavier rare gases are more efficient at energy transfer. This point is discussed further in the next section.
D. Energy transfer in Rg
؉ ؉C 60 collisions
In contrast to the endocomplexes, where all the collision energy ends up as internal energy of the nascent complex, for DCT it is possible to have a broad distribution of collisionto-internal energy transfer efficiency. Because the distribution of C 60Ϫ2n ϩ products we observe is quite sensitive to internal energy, our CT and DCT data allow us to make several conclusions about the nature of energy transfer in rare gas-fullerene collisions. At least for the highest energies probed in our experiment, the conclusions probably are valid for virtually any heavy atomic projectile ion, since the main projectile-C 60 interactions are impulsive, not chemical.
For a pair of spherical bodies, collisions at impact parameters ranging from head-on to tangential might be expected to result in a continuous distribution of collision-tointernal energy transfer. For example, the solid line in Fig. 5 gives a fractional energy transfer probability distribution, ͓ P(E x f er /E collision )͔, calculated with the line-of-centers model, 56 where E x f er is the collision-to-internal energy transferred ͓ϭE collision (1Ϫb 2 /d 2 )͔, b is the impact parameter, and d is the repulsive wall contact distance for Rg and C 60 . Somewhat surprisingly, our results strongly support a bimodal energy transfer distribution, something like the function shown as a dashed line in Fig. 5 . The evidence for this unusual energy transfer behavior is as follows.
The dominance of the CT (C 60 ϩ ) cross section means that, across our entire collision energy range, ϳ80% -85% ͑depending on Rg͒ of the C 60 ϩ produced by CT has internal energy (E int ) too low to result in fragmentation on our time scale. The internal energy required for fragmentation can be calculated by RRKM or similar models, however, this introduces assumptions about the nature of the dissociation process. For present purposes a simpler and more certain estimate can be gotten from our studies of alkali 24 and rare gas endocomplexes. Within our experimental resolution, the dependence of Na@C 60Ϫ2n ϩ and Ne@C 60Ϫ2n ϩ fragmentation on E int are identical, and both are consistent with experiments by Foltin et al. 50 on C 60 ϩ fragmentation. This suggests that neither the charge on the carbon cage nor the presence of a small endohedral atom has a large effect on the dissociation energy. ͑The IPs of C 60 and C 58 indicate 43 that the C 60 is bound by ϳ0.54 eV more than C 60 ϩ .͒ In our Na@C 60 ϩ experiments, we find that ϳ35 eV of internal energy is required to cause fragmentation on our time scale. For the rare gas systems, we therefore expect the nascent C 60
ϩ from CT to survive only if E int ϭE thermal ϩ⌬CTϩE x f er Ͻϳ35 eV, and thus E x f er Ͻϳ18-28 eV ͑for neon to xenon͒. For the 80%-85% of collisions leading to C 60 ϩ at high energies, this implies collision-to-internal energy transfer efficiency of Ͻ20% -30%. Inefficient energy transfer is also supported by our trapping potential studies, which show that C 60 ϩ products have substantially lower lab frame momenta than either endocomplex or DCT products.
On the other hand, from the collision energy dependence of the C 60Ϫ2n ϩ channels we know that the 15%-20% ͑depend-ing on Rg͒ of collisions leading to DCT tend to have high collision-to-internal energy transfer. For example, Fig. 6 shows that the E collision dependence for pairs of C 60Ϫ2n ϩ and Rg@C 60Ϫ2n ϩ products with the same n value are very similar, except at very high energies. Since the fragmentation behavior of these ions is determined by E x f er , the similarity indicates that collision-to-internal energy transfer is similar for those collisions leading to DCT and to endocomplex formation. Since endocomplex forming collisions must be 100% inelastic ͑with the caveats mentioned above͒, the implication is that the fraction of collisions leading to DCT are also nearly 100% inelastic.
For each rare gas, the CT cross section (C 60 ϩ ) is approximately independent of collision energy once the energy is well above the AE for DCT. Increasing energy increases the extent of fragmentation in the DCT products, eventually leading to small carbon cluster ions we did not monitor in these experiments, but does not change the branching between CT and DCT. If the fractional energy transfer was some sort of monotonic function, as in the line-of-centers model shown in Fig. 5 , then increasing the collision energy would gradually increase the fraction of collisions where enough energy is transferred to cause dissociation, and we would expect a monotonically decreasing CT:DCT branching.
In summary, these three observations show that: ͑1͒ There is a substantial subset (ϳ85%) of collisions with low energy transfer, even at our highest collision energies. ͑2͒
There is a smaller subset of collisions (ϳ15%) where the translational inelasticity approaches 100%. ͑3͒ There are not many collisions with intermediate levels of inelasticity, i.e., the P(E x f er ) distribution is something like the ''experimental'' function sketched in Fig. 5 .
IV. SUMMARY: RARE GAS-C 60 COLLISION MECHANISMS
The preceding discussion implies that there is some factor that sharply divides the random ensemble of incident collision trajectories into two classes-with either little or nearly 100% collision-to-internal energy transfer. Simple geometric arguments suggest that impact parameter is the critical factor.
It is intuitively clear that large ͑grazing͒ impact parameters cannot result in much collision-to-internal energy transfer, while low impact parameter ͑head-on͒ collisions are likely to be rather inelastic. The nonintuitive aspect is that collisions with intermediate impact parameters do not result in intermediate degrees of energy transfer, but rather are somehow partitioned into either the high or low inelasticity classes.
The dominance of collisions with low translational inelasticity is consistent with the following simple model. The total cross section for Rg ϩ ϩC 60 scattering is determined by the impact parameter where CT can occur, since this is clearly the longest range process. Since we are primarily concerned with high collision energies, we can neglect the Rg ϩ -C 60 attractive potential, and assume straight line trajectories. In this case TOTAL ϭ•(R full ϩR CC ) 2 , where R full is the radius of the C 60 cage (ϳ3.53 Å), and R CC is the distance from the fullerene cage surface where curve crossings first allow CT. R CC was estimated using simple ion-induceddipole potential curves for both Rg ϩ ϩC 60 and C 60 ϩ ϩRg, shifted relative to each other by ⌬CT. This simple approach predicts ground state curve crossing distances ͑from the C 60 cage͒ ranging from 2.4 Å for neon to 3.15 Å for xenon. Crossings with excited C 60 ϩ *ϩRg will be at even longer distances, though the coupling may be too weak to effect CT. In the inset of Fig. 5 , the curve crossing radius for Kr ϩ ϩC 60 is shown schematically as the outer circle.
As a simple approximation, we might propose that all collisions where the Rg atom contacts the C 60 surface are highly translationally inelastic, thus HardSphere ϭ-(R full ϩR C-Rg ) 2 , where R C-Rg is the range where the carbon atomrare gas potential becomes repulsive ͑Table I and discussion above͒. In the inset of Fig. 5 , the hard sphere cross section (R HS ) for Kr ϩ ϩC 60 is plotted as the inner circle. In this zeroth order picture, the fraction of collisions with low collision-to-internal energy transfer is simply the fraction with R HS ϽRϽR CC , which is just about 50% for all four rare gasses. Experimentally, we observe that 80%-85% of high energy collisions lead to low energy transfer, however, this includes all collisions that transfer up to 20%-30% of the collision energy. It certainly seems reasonable to propose that some ''contacting'' collisions might transfer less than 20%-30% the collision energy, and thus be counted experi- mentally in the low energy transfer class. Within the spirt of this simple impact parameter model, it is only necessary to assume that collisions with the peripheral atoms ͑R Ͼ0.6-R HS , unshaded in Fig. 5 inset͒ give rise to low energy transfer in order to predict a CT:DCT ratio of 80:20.
Within the framework of an impulsive model, it is also easy to explain why the degree of inelasticity approaches 100% for low impact parameter collisions ͑e.g., shaded region, Fig. 5 inset͒. At high collision energies we can imagine that low impact parameter Rg-C 60 collisions can be divided into two steps-an impulsive ͑elastic͒ collision of Rg with a small section of the C 60 surface ͑effective mass M C ͒, followed by redistribution over the entire C 60 of the recoil energy imparted to that section. In this simple model, which we previously used successfully to fit to the energy dependence of thermionic emission in alkali cation-C 60 collisions, 24 the collision-to-internal energy transfer is given by:
where M Rg is the mass of the rare gas and M F is the mass of C 60 . Within this model, we predict greater than 80% translational inelasticity for the following ranges of M C : Ne
In low impact parameter collisions the number (n) of carbon atoms ''hit'' by the projectile will range from a single atom to five or six atoms, depending on the impact geometry. Since collisions exactly on a single atom or on a ring center are improbable, collisions with 2-3 carbon atoms should predominate. The resulting effective masses (M C ) will be somewhat larger, particularly for the heavier ͑larger, slower, and softer͒ projectile ions. This simple model thus predicts that most low impact parameter collisions will be highly inelastic, as the data suggest. The model is also consistent with our observation that the cross section for DCT at high energies increases with the size of the rare gas-there simply is a wider range of impact geometries that leads to the required high inelasticities. This model is obviously oversimplified, however, other models ͑e.g., sequential binary collisions͒ that are commonly used to describe high energy impulsive scattering also lead to the result that the recoil energy of a heavy projectile from a collection of light, loosely connected ͑compared to E collision ͒ objects is small, thus most of the collision energy ends up as internal energy of the target.
One question remaining is the apparent absence of collisions with intermediate translational inelasticity, i.e., why collisions near the outer edge of the hard sphere radius ͑un-shaded region, Fig. 5͒ result in much less energy transfer than those at low impact parameters. Two factors suggest themselves. To deflect a central ͑shaded͒ atom, most of the motion corresponds to bending bonds, while deflection of edge atoms requires more bond compression. This means that the cage is stiffer at the edge, i.e., it responds less as an isolated section or collection of isolated atoms, and thus will tend toward less inelastic behavior. In addition, the incoming atom experiences a sideways deflection, since the projectile velocity is at a substantial angle relative to the local surface normal ͑for the unshaded atoms the minimum angle is ϳ37°͒. This will tend to make the projectile glance off the cage, rather than making a deeply inelastic collision. Finally, peripheral collisions may tend to excite rotational motion at the expense of vibration, and this rotational energy is less effective in driving dissociation.
Another interesting point is the similarity in collision energy dependence between DCT and endocomplex products ͑Fig. 6͒, which seems too close to be coincidental. More likely, we believe that these two classes of products are generated in very similar collisions. In the high energy, low impact parameter collisions that appear to be required for DCT, the fullerene cage must be severely distorted or damaged in the impact region. In most of these collisions the rare gas atom simply backscatters and highly excited C 60 ϩ results, leading to DCT by C 2 loss. If the projectile happens to impact in just the right geometry, it can sometimes slip through the distorted cage, becoming trapped as an endocomplex. The ratio of endocomplex production to DCT at the peak of the endocomplex cross section varies from ϳ10% for Ne ϩ and Xe ϩ to ϳ20% for Ar ϩ . As discussed above this efficiency probably reflects both kinematic and size effects.
The only difference in DCT and endocomplex energy dependence is at high collision energies for small cage sizes. The smaller intensity observed for the endocomplexes probably is a consequence of shrink-wrapping, i.e., the endohedral atom destabilizes the fullerene cage, leading to a greater probability for atom loss or cage disruption.
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